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The effect of friction-stir processing (FSP) on the microstructure of a cast nickel-
aluminum bronze (NAB) material has been characterized by various micro-analytical 
methods including orientation imaging microscopy (OIM).  Cast NAB is widely utilized 
in the production of propellers for the surface ships and submarines of the U.S. Navy due 
to excellent corrosion-resistance. New applications require improved mechanical 
properties that may be attainable using FSP to achieve localized microstructure 
modification. Friction between a rotating tool and the surface of the material results in a 
“stirring” action that, in turn, produces adiabatic heating and local softening of the 
material. The tool rotation results in very large shear deformations in the softened regions 
and thus microstructure refinement and homogenization; in effect FSP may convert an as-
cast microstructure to a wrought condition in the absence of macroscopic shape change.  
In as-cast material, results of optical and scanning electron microscopy (using energy 
dispersive analysis) show an α (FCC) matrix containing globular and particulate 
dispersions that correspond to the κI, κII and κIV  second phases; these represent various 
morphologies of the Fe3Al intermetallic compound, which has a D03 structure. Also 
present are lamellar particles of κIII, which is NiAl and has a B2 structure. The grain size 
in the α matrix is ~ 1 mm. In OIM, the microtexture and microstructure in the α (FCC) 
matrix may be readily obtained and analyzed. However, interatom distances in the Fe3Al 
and NiAl phases differ by only about one percent and so these phases are not 
distinguishable from one another during OIM. Altogether, microstructure and 
microtexture analysis showed that there are several regions in the thermomechanically 
affected zone (TMAZ) of a material subjected to FSP. From base material inward toward 
the TMAZ, these include: annealing effects in undeformed base material; a region just 
inside the TMAZ in which grain deformation and C-type shear deformation textures are 
observed; regions of highly refined and recrystallized grains further inside the TMAZ, 
wherein the grain size is < 5µm; and, finally, regions of elongated, banded and twinned 
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I. INTRODUCTION  
A. NICKEL-ALUMINUM BRONZE  
Nickel-aluminum bronze (NAB) materials are copper-base alloys that are widely 
used to produce cast components for marine applications. Such applications reflect 
combinations of the good strength and the excellent corrosion resistance available with 
these alloys.  NAB’s are also richly endowed with many other outstanding physical 
properties.  Some of the attributes worthy of note are [Ref. 1]:  i) good fracture toughness 
at both extremely low and elevated temperatures, combined with moderate tensile 
strengths; ii) low coefficients of friction and good wearability; iii) non-sparking behavior; 
iv) high damping capacity; v) outstanding resistance to corrosion, which is the biggest 
single cause of metal deterioration in marine environments; vi) and exceptional resistance 
to fatigue, which is the second most common cause of metal deterioration in marine 
equipment.  Because of these desirable properties, NAB’s have been extensively used in 
both freshwater and seawater services, for components such as pumps, valve parts, 
fittings, gears, and propellers.  The application of particular interest here is the U.S. 
Navy’s use of NAB’s for ship and submarine propellers. 
The NAB alloy typically used for the casting of propellers is designated as UNS 
C95800, also known as alpha nickel aluminum bronze or propeller bronze [Ref. 2].  
Nickel-aluminum bronze propellers are typically sand-cast [Ref. 3] and slow-cooled, 
according to ASTM B148 standard specification for aluminum-bronze sand castings 
[Ref. 4].  The phases and complex microstructure transformations of NAB upon gradual 
cooling play an important role in its material properties [Refs. 5-6].  Variations in NAB 
microstructure arise because of the differences in cooling rate throughout the casting.  
Porosity has also been observed in cast NAB, which affects the component’s overall 
strength and corrosion resistance. 
Incidences of selective phase corrosion (i.e. dealloying or dealuminification) have 
been observed in corrosion tests on NAB components after prolonged seawater 
immersion [Refs. 7-9].  It has also been observed that the welding of cast NAB, usually 
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in propeller fabrication and in repair of casting defects, introduces further non-
equilibrium conditions and thermal stresses, which aversely affect the corrosion behavior 
of the alloy.  Annealing heat treatments have been used to adjust the alloy’s 
microstructure as part of the post-welding process in order to obtain more desirable 
properties. 
Due to massively thick sections of cast NAB propellers, the extremely low 
cooling rates contribute to very coarse microstructures, and thus lower strengths as 
compared to smaller cast components or to applications involving wrought material.  
Nevertheless, propellers require high strength in order to withstand the large forces 
encountered as they cut through the water. Furthermore, damaging effects of the 
environment, such as corrosion and cavitation, severely decrease the service life of a 
propeller.  Thus, it would be desirable to have methods available to selectively strengthen 
the surface layer of a propeller, especially if such methods do not degrade corrosion 
resistance. A technique to strengthen a propeller surface by locally creating a fine 
microstructure, while maintaining or enhancing ductility, may lead to increased cavitation 
resistance and higher strength.  This improvement may be carried out even further as to 
modify the propeller design to contain less material and weight, while maintaining its 
high strength and cavitation and corrosion resistances. 
 
B. FRICTION STIR PROCESSING 
Friction-stir processing (FSP) is a revolutionary thermo-mechanical processing 
technique adapted from the concepts of friction stir welding [Ref. 10].  FSP leads to 
localized severe plastic deformation of a material and thus to homogenization of 
microstructure and grain refinement, thereby resulting in improved material properties.  
Little or no macroscopic shape change may occur despite the local severity of the plastic 
deformation.  This technique involves traversing a rotating tool across the surface of a 
material, producing intense plastic deformation associated with a “stirring” action in the 
material under the tool. Typically, an FSP tool consists of a cylindrical section with a 
projection, or pin, at the end that is in contact with the material being processed during 
the tool rotation about its cylinder axis.  The end of the tool surrounding the pin is 
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referred to as the tool shoulder.  FSP is a solid-state process (i.e. the material remains 
solid throughout the entire process).  The material is softened from the adiabatic heating 
caused by the high deformation rates associated with tool rotation even in the absence of 
slippage between the tool and material.  During such intense plastic deformation material 
may be transferred from one side of the tool around to the other.  The material is then 
forged by the intimate contact of the tool shoulder and the pin profile.  This produces a 
region of intense shear deformation and, potentially, a very fine-grain size in a single pass 
of the tool. 
Previous work has studied the effects of friction-stir processing on commercial 
aluminum alloys [Refs. 11-13].  These studies revealed that friction-stir processing 
resulted in grain refinement. Samples prepared from the thermomechanically affected 
zones (TMAZ) of processed material exhibited high strain rate superplasticity, as well as 
improved properties such as increased static strengths and increased ductility. 
 
C. OBJECTIVES OF THIS RESEARCH 
The main objectives of this research were to characterize the influence of FSP on 
the microstructure of an as-cast NAB material, and to analyze the evolution of its 
microstructure from the undeformed base metal into the TMAZ region, with emphasis on 
the microtexture as well as microstructure associated with the TMAZ.  This was 
accomplished with the use of computer-aided orientation imaging microscopy (OIM) 
methods associated with electron backscattering diffraction (EBSD), energy dispersive 
spectroscopy (EDS), and optical microscopy.  The OIM approach allowed for the 
determination of grain size in terms of regions of common lattice orientation and thereby 
also allowed for the determination of grain boundary disorientations in relation to 
location in the material.  Assessment of microstructure characteristics may allow for the 
determination of the extent of recovery, recrystallization and grain growth in relation to 
FSP.   
The initial phase of this work examined the limits of application of OIM to NAB 
materials that have been subjected to friction stir processing. This part of the work was 
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concerned with the capability of OIM to distinguish phases in these materials as well as 
to resolve features such as grain size and to determine grain-to-grain disorientations. 
Subsequently, OIM methods were applied to both as-cast material and to the TMAZ of a 
processed sample.  The evolution of grain size and shape of the Cu matrix as well as the 
effects of deformation on the second-phase particles were of particular concern here. 
Also, the role of the second-phase particles in processes of grain refinement was 
examined.  Finally, a region of the TMAZ near its boundary with the base metal was 
examined to assess the microtexture in regions affected mainly by deformation and 





This chapter reviews the structure and phases as well as the phase transformations 
of NAB materials.  In order to understand the microstructures observed in large NAB cast 
components, e.g. propellers, this discussion will consider a typical NAB composition 
corresponding to Cu-9%Al-5%Ni-4%Fe (compositions in wt. pct.).  This chapter will 
also provide background on the revolutionary technique of friction-stir processing and its 
remarkable effects on the mechanical properties of alloys such as commercial aluminum 
and magnesium alloys, as well as its application to nickel-aluminum bronze structures.  
 
A. COPPER-ALUMINUM SYSTEM AND DEVELOPMENT OF NICKEL-
ALUMINUM BRONZE 
The copper-rich end of the Cu-Al binary equilibrium phase diagram is shown in 
Fig 2.1.  Cu-Al alloys containing less than 7 wt% Al solidify as a single-phase face-
centered cubic (fcc) α phase, and retain the α single-phase solid solution upon cooling to 
room temperature.  Alloys containing greater than 9.4 wt% Al solidify as a single-phase 
body-centered cubic (bcc) β; however, upon slow cooling, α forms from β and any 
remaining β phase transforms in a eutectoid reaction at about 570°C to produce α+γ. 
The γ phase has been known to be deleterious to the mechanical and corrosion-
resistant properties of NAB alloys.  Because of its high aluminum content, the γ phase 
has a lower electrochemical potential than its neighboring copper-rich α phase, and thus, 
preferentially corrodes [Refs. 9,14].  This preferential corrosion of aluminum is 
commonly referred to as dealuminization, similar to the dezincification of brass.  
Therefore, steps are taken to retard the formation and growth of the undesirable γ phase 
without otherwise compromising the alloy’s mechanical properties.  Generally, alloys 
containing γ are less strong and ductile than NAB alloys [Refs. 9,14].  It has been found 
that the addition of other alloying elements has proven to be the most successful method 
of retarding the γ phase formation. 
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Addition of nickel and iron to the Cu-Al alloy was found to extend the α phase 
field and allow for greater additions of Al without encountering the formation of the γ 
phase [Refs. 9,15], as seen in Figure 2.2.  The Ni and Fe alloying additions result in the 
precipitation of complex intermetallic κ phases from the α and β phases and have been 
found to considerably increase NAB’s mechanical properties. 
Increases in the aluminum content of NAB alloys to values within the range of 8.8 
- 10 wt. % have been linked to increased strength, hardness and corrosion resistance [Ref. 
15].  However, this is also accompanied by a decrease in elongation, which has been 
attributed mainly to the presence of the lamellar κIII phase along the grain boundaries 
[Ref. 15].  Alloys with a content of 9.5 wt% Al have been reported to give the best 
overall property combinations for the manufacture of propellers, combined with the 
following additional intentional alloying additions: 5 wt. % nickel, 4 wt. % iron, and 0.5 
wt. % manganese. 
Alloys containing more than 3 wt. % Fe have been reported to exhibit reduced 
grain size and restricted elevated temperature grain growth [Ref. 15]. Also, the 
solidification range is reduced.  Compositions including 3 - 5 wt. % Fe [Ref. 15] have 
also been observed to exhibit increased strength, and strength retention at high 
temperatures.  Such compositions also show improved wear and abrasion resistance and 
increased fatigue endurance limits [Ref. 15].  The optimum value of 4 wt. % Fe has been 
shown to give the best combination of properties [Ref. 15]. 
The addition of 0 - 5 wt. % Ni has been noted to increase strength, as well as to 
have the same grain refining effect as Fe [Ref. 15].  The addition of Ni has also been 
reported to retard the transformation of β phase during cooling and increase hardness 
[Ref. 15].  However, an alloy with a nickel concentration less than that of the iron 
concentration may become susceptible to severe second-phase attack in seawater, with an 
associated decrease in strength [Ref. 15].  For maximum corrosion resistance, it has been 
found that the nickel content should be greater than that of the iron, ideally 5 wt. % Ni 
and 4 wt. % Fe [Ref. 15]. 
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B. NICKEL-ALUMINUM BRONZE 
Nickel-aluminum bronze is a copper-base quaternary alloy with a chemical 
composition as listed in Table 2.1.  Numerous investigators have characterized the 
chemistries, microstructures and crystallographic characteristics of the as-cast NAB alloy 
[Refs. 8-9,14,16-24].  As seen in Figure 2.2, at a nominal 9 wt. % Al content, NAB 
solidifies to form a single-phase β body-centered cubic (bcc) solid solution.  Upon further 
cooling, the β-phase decomposes by formation of the face-centered cubic (fcc) α-phase 
and subsequently, by further transformation to α containing various κ phases.  This 
sequence is summarized in Figure 2.3, which is from Culpan and Rose [Ref. 14].  Weill-
Couly and Arnaud [Ref. 24] have classified the κ phases into four distinct types, 
κI, κII, κIII and κIV, on the basis of the various morphologies observed through the optical 
microscope. The classification is also based in part on the sequence of formation of these 
phases during cooling.  Figure 2.4 illustrates the typical phase distribution in the 
microstructure of a cooled NAB alloy.  One point to note is that, due to non-uniform 
cooling of propeller castings, rapidly cooled, or quenched β-phase regions may also 
persist, and these transform into a martensitic product. 
 
 Cu Al Ni Fe Mn Si Pb 
 min-max min 79.0 8.5-9.5 4.0-5.0 3.5-4.5 0.8-1.5 max 0.10 max 0.03
nominal 81 9 5 4 1 - - 
 
Table 2.1:  Chemical composition percent by weight of typical nickel-aluminum bronze. 
(Ref. 2) 
 
1. Alpha (α) Phase 
The light-gray areas in Figure 2.3(a) are the copper-rich α phase.  The α phase is 
the equilibrium terminal solid solution, having a face-centered cubic (fcc) crystal 
structure, with a lattice parameter, a = 3.64 Å [Ref. 19].  The α phase may exhibit a 
Widmanstätten morphology. During cooling, proeutectoid α forms from the β phase 
beginning at about 950°C.  At about 580°C a eutectoid reaction results in a mixture of α 
and κIII phases.  Also, κIV particles precipitate from within the α matrix during cooling. 
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Jahanafrooz et al. [Ref. 21] observed that, upon slow cooling from the β phase, a 
Widmanstätten proeutectoid α phase precipitated both intergranularly and 
intragranularly.  The intragranular precipitation was observed to be more prevalent in 
coarse-grained alloys, such as large castings, i.e. propellers, which may exhibit very slow 
cooling rates.  
2. Kappa (κ) Phases 
Upon cooling, the Ni-Fe-Al κ-phases precipitate from the α and β phases.  
According to Weill-Couly and Arnaud [Ref. 24], the κ-phases are classified into four 
distinct types, κI, κII, κIII and κIV, according to their observed distinct morphologies.  
Again, the phase decomposition sequence upon cooling of an NAB alloy is summarized 
in Figure 2.3. 
a. Kappa I (κI) Phase: 
The κI phase is the large, dendritic (rosette-shaped) particle that has been 
observed only in NAB’s with iron content of greater than 5 wt. % Fe [Refs. 19,21].  The 
iron-rich κI particles, typically 20 to 50 µm in size, are located in the centers of α grains.  
Jahanafrooz et al. determined that the κI phase has a D03 lattice structure, with chemical 
composition close to Fe3Al.  The D03 structure is considered to be an ordered bcc 
superlattice, defined by eight cells, as shown in Figure 2.5 (a). 
It has been proposed that in NAB alloys of high iron content, κI particles 
form from the β phase during the early stages of cooling, growing large and acting as 
nucleation sites for the α phase [Ref. 21].  This suggests that the β + κ region in Figure 
2.2 extends upward and to the left in such alloys.  Therefore, in as-cast microstructure, 
the large κI particles seem to be always surrounded by the α phase. 
b. Kappa II (κΙΙ) Phase: 
Similar to the κI composition and structure, κII is an iron-rich dendritic 
particle (also described as globular or rosette-shaped), although somewhat smaller than a 
κI particle, 5 to 10 µm in diameter.  However, large κII particles may easily be mistaken 
for κI.  The κII precipitates have also been shown to have a D03 structure, with a lattice 
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parameter, a = 5.71 Å [Ref. 19].  Note, in Figure 2.5, that the κII phase is an “ordered 
version” of the disordered, high temperature β phase, thus explaining its dendritic 
morphology.  κII particles have been observed to occur in the lamellar eutectoid region of 
the microstructure and form within the same temperature range as the Widmanstätten α 
phase. 
c. Kappa III (κIII) Phase: 
At about 580°C, a nickel-rich lamellar (or globular) eutectoid form of the 
κ-phase, κIII, precipitates from the β phase.  It has been observed that initial precipitates 
of κIII are globular with subsequent precipitates being lamellar.  Previous research [Ref. 
19] has shown that the κIII phase has the NiAl composition and a corresponding B2 
structure, with a lattice parameter, a = 2.88 Å [Ref. 19].  This is lattice parameter is 
approximately half the lattice parameter of the κI, κII, and κIV phases.  As shown in Figure 
2.5 (b), the B2 structure for NiAl is an ordered structure (also more commonly known as 
the CsCl type structure), which can be compared with the κΙI phase in its similarity to the 
“ordered version” of the β phase [Ref. 19,25].  Therefore, it is likely that the κII particles 
may act as a substrate for the formation of κIII particles [Ref. 25]. 
It has been proposed [Ref. 25] that proeutectoid α is the “active nucleus” 
for the initiation of the β eutectoid decomposition into α + κIII.  In other words, the 
precipitation of κIII on the proeutectoid α/β interface is the only nucleation event required 
for the development of a eutectoidal colony.  The re-nucleation of α is not necessary to 
form the eutectoidal colonies [Ref. 25].   
d. Kappa IV (κIV) Phase: 
The fine cruciform equiaxed particles distributed throughout the α grains 
are the iron-rich κIV particles.  These precipitates are small, on the order of less than 2 µm 
in diameter [Ref. 19].  Having the same Fe3Al composition as κI and κII phases, κIV 
particles also have a D03 crystal structure, and have a lattice parameter, a = 5.77 Å [Ref. 
19].  As can be seen in Figure 2.4 (a) and (b), a precipitate free zone (PFZ) is present at 
the periphery of the α grains. 
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e. Martensitic Beta (β’): 
It was found that as the transformation temperature decreased, the 
decomposition rate of β also decreased at lower temperatures [Ref. 15,25].  Therefore, it 
is possible for the β decomposition to be incomplete at normal cooling rates.  As the 
reaction slows and ceases, any remaining β undergoes a diffusionless shear 
transformation to martensite β’. 
 
Several factors affect the mechanical properties of cast NAB structures.  Due to 
the slow cooling rates in large cast NAB components, strengths and microstructures vary 
within the casting.  Processing of cast structures may also lead to inconsistent chemical 
compositions, containing more or less of the nominal alloying element compositions 
necessary for corrosion resistance and strength.  In addition to these issues, porosity 
introduced in the casting process further lowers the material’s strength and cavitation 
resistance.   
During its service life, a propeller may experience many stresses and 
phenomenons that challenge its mechanical properties and resistances.  One such 
phenomenon, cavitation, is a widely recognized enemy of propeller material.  Cavitation 
occurs when a propeller turns at high speed, and the resulting high relative velocity of the 
propeller surface and the water, augmented by surface irregularities, results in a tendency 
to form a vacuum adjacent to the propeller.  When the absolute pressure is reduced below 
the vapor pressure of the fluid, vapor pockets are formed, which break the continuity of 
flow and reduce the efficiency of the propeller.  When the cavitation bubbles collapse on 
the blade surfaces due to condensation, erosion of these surfaces may result.  Cavitation 
thus degrades the propeller material.  Porosity in a cast propeller intensifies the erosion 
caused by cavitation.  
These pertinent concerns have been incorporated into the maintenance and service 
life of NAB components, i.e. propellers.  With the high cost of manufacturing and 
maintaining such massive components, improvements to the alloy’s strength and 
mechanical properties may significantly contribute to lengthening its service life and time 
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between overhauls, reduce maintenance cost, and open the door to enhanced design 
modifications. 
 
C. FRICTION STIR PROCESSING 
Friction stir processing (FSP) is an innovative new technique that locally alters 
the microstructure of a material’s surface, producing a fine microstructure and improved 
material properties.  FSP has been adapted from friction stir welding (FSW), which was 
invented and developed at The Welding Institute in 1991 [Ref. 10].  In friction stir 
processing, the surface of one material is processed, instead of joining two materials 
together, as done in friction stir welding.  The surface of the FSP material is stirred as in 
FSW, resulting in a fine microstructure. 
In friction stir processing, a wear-resistant cylindrical tool consisting of a small 
diameter pin with a concentric larger diameter shoulder is rotated and plunged into the 
selected metal surface, as illustrated in the schematic of Figure 2.6.  The metal sample is 
clamped down to prevent movement during the process.  The tool is then traversed along 
the surface of the material for single- or multi-pass processes.  Friction and deformation 
between the rotating pin and the surface rapidly heats and softens a small column of 
metal but does not melt it.  (Note that little of the heating does originates from slippage, 
i.e. there is little or no slippage between the tool and the material surface.  Most of the 
heating is due to deformation of the metal under adiabatic conditions)  The softened 
metal is then stirred by the rotation of the tool.  Contact between the rotating shoulder 
and the metal surface creates additional frictional heat and plasticizes a larger cylindrical 
metal column around the inserted pin.  Depth of penetration is controlled by the tool 
shoulder and length of the pin.  The shoulder also acts to contain the upward metal flow 
caused by the insertion and rotation of the tool pin.  The tool and the area to be processed 
are moved relative to each other; overlapping of passes during multi-pass FSP may be 
employed to assure complete refinement of the processed surface of the material.  Hot 
working by the rotating tool plasticizes the metal within a narrow zone and transports it 
from the advancing side to the retreating side of the tool.  This stirring action produces a 
highly deformed area with a fine microstructure. The deformed region may be devoid of 
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porosity.  A defect-free, fine-grained recrystallized microstructure forms as the processed 
zone cools. 
This recrystallized zone produced from FSP has also been observed during 
friction-stir welding of high strength aluminum alloys [Refs. 26-27].  In a study by Jata 
and Semiatin [Ref. 26], the weld nugget produced by FSW of an aluminum alloy 
appeared to be comprised of equiaxed, fine, dynamically recrystallized grains, whose size 
was found to be substantially smaller than the grain size in the parent material.  
Additionally, a severe distortion of the grain structure was observed in the FSW 
thermomechanically-affected zone (TMAZ).  The study also showed noted that original 
grain and subgrain boundaries appeared to be replaced with fine, equiaxed recrystallized 
grains in the FSW nugget.  The grains observed in the weld nugget were determined to be 
high-misorientation subgrains relative to the subgrains in the base metal, and this was 
cited as evidence of a continuous dynamic recrystallization process.  In a study by Liu et 
al. [Ref. 27], it was proposed that the FSW development is dominated by slip 
deformation and that recrystallization evolves by dynamic continuous recrystallization, 
where subgrains form and induce a continuous increase in misorientation.  Since FSP and 
FSW have such similar processes, both involving intense shear deformation by a rotating 
tool, it is to be anticipated that they might have comparable results.   
A study by Field et al. [Ref. 28] involving the FSW of aluminum alloys indicated 
the presence of severe and identifiable texture gradients through the weld nugget and 
surrounding regions of an FSW weld.  A dominant shear direction aligning with the 
tangent to the rotating tool was also observed. 
Microstructures resulting from FSP do not have a uniform grain size distribution 
for any one set of processing parameters.  Grain size varies from the top to the bottom as 
well as from the advancing to the retreating side of the tool.  The differences in grain size 
likely are associated with differences in both peak temperature and times at temperature. 
The processed material experiences high strain, strain rate and temperature 
gradients as well as grain size gradients in a very short distance.  Although comparable to 
the heat-affected zone (HAZ) encountered in conventional fusion weldments, the thermo-
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mechanically affected zone, or TMAZ, in a friction-stir processed metal does not exhibit 
the low strength or undesirable properties typically caused by the high temperatures 
during the welding process.  In fusion welding, melting temperatures are reached and 
exceeded, allowing for grain growth and alloy segregation in the HAZ, consequently 
lowering its strength and corrosion resistance.  On the contrary, since FSP is a solid-state 
process, temperatures do not reach melting temperatures, reducing the extent of grain 
growth in the affected area.  The resulting TMAZ in a friction-stir processed metal has a 
finer microstructure than the base metal, increasing its strength as well as improving its 
properties. 
In addition to the ability to locally refine the surface microstructure of a material 
leading to higher strengths, friction stir processing also has other advantages.  As 
mentioned earlier, the FSP zone is devoid of porosity.  Since it is a solid-state process 
(i.e. no melting of the material occurs during the process), the detrimental grain growth, 
decreased strength and increased corrosion susceptibility normally associated with weld 
HAZ regions are avoided.  As previously noted, alloys which have been difficult or 
nearly impossible to weld, e.g. 7000 series aluminum alloys, have been easily processed, 
resulting in improved properties.  Also, no gas shielding is required for oxide-forming 
metals.  The non-consumable tool may be used for many processes, and is thus cost-
efficient.  Little to no noise is emitted during the process.  The process may be performed 
in nearly all environments since no fumes or gases are released.  No special cleaning 




















Figure 2.2:  Vertical section through Cu-9%Al-5%Ni-5%Fe phase diagram. 






















Figure 2.4:  (a) Optical micrograph of cast NAB (Courtesy of M.W. Mahoney, 
RSC).  (b) Schematic microstructure distribution in cast NAB [Ref 19].  Upon 
continuous cooling, the β phase transforms into α-matrix and κ phases.  κI is 
large, globular and dendritic, with sizes on the order of 20 to 50 µm in diameter. 
 κII is smaller, globular and dendritic, approximately 5 to 10 µm in diameter.  κIII 
takes on a lamellar, eutectoid form.  κIV is the fine cruciform phase that 







Figure 2.5:  Lattice structures of NAB phases. (a) BCC β, (b) κIII-phase B2 













Figure 2.6:  Friction stir process. a) A non-consumable cylindrical FSP tool is 
rotated at high speeds and plunged into the metal surface (b). Initial pin entry 
creates frictional heating. (c) Contact between the metal surface and tool shoulder 
creates a column of softened, plasticized metal and additional heat by shear 
deformation.  The softened material is then “stirred” by the rotating motion of the 
tool. (d) The tool traverses the metal surface, leaving behind a fine recrystallized 
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III. EXPERIMENTAL PROCEDURES 
A. SAMPLE PREPARATIONS 
An as-cast nickel-aluminum bronze (NAB) plate, approximately 250 mm square 
and 40 mm in thickness, was provide by the Naval Surface Warfare Center, Carderock 
Division (NSWC-CD).  The chemical analysis data in Table 3.1 were obtained from 
Anamet Laboratories, Hayward, CA.  The nickel content of this particular material falls 
below the accepted composition limit for this element (Table 2.1).  Samples of this as-
cast NAB material were sectioned using a Buehler saw with a diamond-wafering blade.  
Annealing treatments were conducted with a NEY 2-160 Series II furnace (± 2°C). 
Mechanical polishing of the as-cast samples was accomplished following the 
steps outlined in Table 3.2 for the indicated times.  The silicon carbide (SiC) paper was 
used with water as the lubricant on a flat surface, polishing in one direction until all 
evidence of prior polishing was eliminated.  The sample was then rotated 90° and the 
process was repeated. 
After each mechanical polishing step, an ultrasonic cleaning was performed for 10 
minutes in ethanol.   
A high quality finish was required due to the very small interaction volume of the 
electrons near the surface of the sample.  Hence, the final polishing step was an 
electropolish at 30 volts for 10 seconds in a Buehler Electromet 4 using a 33% Nitric 
Acid-66% Ethanol electrolyte solution that was cooled to -25°C without etching. 
A friction-stir processed nickel-aluminum bronze (FSP NAB) sample (Figure 
3.1), designated FSP 379, was received from the Structural Materials Department of 
Rockwell Science Center (RSC) in Thousand Oaks, California.  Although details of the 
tool geometry were not available, the processing conditions were as listed in Table 3.2.   
The sample was sectioned and mounted in such a way that the direction of tool travel was 
into the plane of the sample.  The tool rotation was carried out such that the advancing 
side (i.e. the side which travels in the same direction as the tool advance) was on the right 
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side, while the retreating side (i.e. the side which travels opposite to the direction of tool 
advance) was on the left side, as shown in Figure 3.1.   
Sample preparation for this FSP NAB sample were conducted at RSC using 
similar procedures as previously stated, excluding the 1-µm diamond suspension 
polishing step.  Etching of the FSP NAB sample for optical microscopy was prepared at 
room temperature using a two-step process: 
1. Ammonium hydroxide solution:  40 % ammonia – 20 % hydrogen 
peroxide – 40 % water (1-2 seconds) 
2. Phosphoric hydroxide solution:  40 % phosphoric acid – 10 % hydrogen 
peroxide – 60 % water (1 second) 
Electrolytic etching for the FSP NAB was conducted at RSC using a 75 % 
methanol – 25 % nitric acid cold solution, at 15 volts. 
 
B. OPTICAL MICROSCOPY 
 Optical microscopy of the as-cast and FSP NAB samples was conducted with a 
JENAPHOT 2000 Reflected-Light photomicroscope, equipped with a SEMICAPS Genie 
SEM digital imaging system. 
 
C. ENERGY DISPERSIVE X-RAY ANALYSIS 
A TOPCON SM-510 Scanning Electron Microscope (SEM) with a tungsten 
filament was used, supplemented with an energy-dispersive x-ray detector from EDAX, 
Inc. and an ISIS software program.  The ISIS program allowed for collection and analysis 
of energy spectrum for each sample scan in order to identify the major components in the 
alloy.  Using the energy signatures of the major components, an area of the sample was 
then scanned to reveal concentrations of the alloy components.  This helped identify 
locations of high nickel and iron content, which concurred with the compositions of the 





Cu Al Ni Fe Mn Zn Si Sn P Pb 
81.2 9.39 2.04 3.67 1.20 0.14 0.05 0.02 0.009 <0.005 
 
Table 3.1:  Composition of as-cast nickel-aluminum bronze received from NSWCCD.  
 
 
Tool rotation speed 800 rpm 
Tool travel speed 1 inch per minute 
Tool tilt 3 degrees 
Tool shoulder diameter 0.934 inches 
 




Step Abrasive Time RPM 
1 500 Grit SiC Paper 30 sec. n/a 
2 1000 Grit SiC Paper 30 sec. n/a 
3 2400 Grit Sic Paper 30 sec. n/a 
4 4000 Grit SiC Paper 30 sec. n/a 
5 3 µm Metadi Diamond Suspension 10 min. 180 
6 1 µm Metadi Diamond Suspension 10 min. 180 
7 0.05 µm Colloidal Silica 15 min. 50 
 
Table 3.3:  Mechanical Polishing 
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D. ORIENTATION IMAGING MICROSCOPY (OIM)/ELECTRON 
BACKSCATTER PATTERN (EBSP) COLLECTION AND ANALYSIS 
A TOPCON SM-510 Scanning Electron Microscope (SEM) with a tungsten 
filament was used with an accelerating voltage of 20KV.  After polishing, the samples 
were put into the SEM in a holder that inclines the sample 70° to the horizontal.  This 
was done in order to utilize the EBSP analysis capability of the Orientation Imaging 
Microscopy (OIM) hardware and software from TEXSEM Inc., shown schematically in 
Figure 3.2(a).  Figure 3.2(b) and (c) represent the orientation of the NAB sample as 
viewed from the camera position.   
External reference axes are necessary for OIM; these were defined as follows:  the 
reference direction (RD) was assigned as positive downward; the normal direction (ND) 
was directed toward the phosphor screen, and transverse direction (TD) was parallel to 
the horizontal.  In the case of the FSP NAB sample, ND also represents the direct 
opposite of the processing direction (i.e. processing direction was into the sample).  
Lattice orientations may then be defined in terms of Euler rotation angles that bring the 
cube axes of the lattice into coincidence with the reference axes. 
The electron beam from the SEM was operated in spot mode with a beam 
diameter less than 0.2 µm.  The electrons interacted with the first 30-50 nm of the sample 
surface, undergoing Bragg diffraction.  The diffracted electrons then impinged upon a 
phosphor screen, thus illuminating it.  A low light level camera captured the images from 
the phosphor screen and the OIM equipment analyzed the pattern.  Figure 3.3 shows a 
representative Kikuchi pattern before and after indexing, with the corresponding pole 
figure and lattice orientation. 
The OIM software allows the collected pattern to be analyzed, indexed and 
ranked against other possible indexing solutions.  The pattern is assigned a best-fit 
indication called the Confidence Index (CI).  If the CI is greater than 0.1, the pattern has a 
95% probability of being indexed correctly.  For each pattern the following data are then 
saved: the x – y coordinates on the sample for the point; the phase corresponding to the 
point; the Euler angles describing the lattice orientation at the point; the Confidence 
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Index; and an Image Quality (IQ) parameter that describes the sharpness of the observed 
Kikuchi pattern.   
Various combinations of these parameters may then be used to create visual 
representations of spatial distribution of, for example, crystallographic orientation, or 
image quality (IQ) of the diffraction images.  Orientation data may be presented as grain 
orientation maps, pole figures, histograms of the grain-to-grain misorientation angles, etc.  
Here, misorientation angle refers to the minimum rotation angle among all 
crystallographically equivalent rotations that bring neighboring lattice orientations within 
the same phase into coincidence. Various data clean-up steps are performed and typically 
involve three successive steps.  First, individual points that do not belong to any grains 
are assigned to match the neighboring majority grain. Second, the highest CI for a grain 
is assigned to all points in that grain.  Third, data points with CI’s less than 0.1 are 
compared to those of nearest neighbors and the neighbor with the highest CI is reassigned 
to that point, thus effectively making it a point in that grain.  This clean-up step assumes 
that the low CI points are located near grain boundaries or areas of high dislocation 
density and that the point with the higher CI is the true orientation for the low CI point.  It 
should be noted that any single point with a CI greater than 0.1 will not be altered by this 
procedure.  Grains with good quality EBSP’s, no matter what size, will be saved 
unchanged.  The elimination of low CI points was done in order to obtain a true picture of 
the grain boundaries and the angular disorientation between grains.  After the clean up 
procedure is completed, the OIM software is used to produce OIM grain maps, pole 
figures and rotation angle histograms, as described previously. Further discussion of 
phase identification will be provided subsequently when the results of analysis of the as-
cast and FSP NAB samples are presented.  While it is possible to conduct OIM on multi-
phase materials this area of the technique is less well developed than orientation 














Figure 3.1:  Optical micrograph of FSP 379 friction-stir processed nickel-





Figure 3.2.  (a) A simplified schematic of the Orientation Imaging Microscopy 












Figure 3.3.  Sample Kikuchi pattern and indexing.  In (a), an actual Kikuchi 
pattern obtained on the video screen is shown; (b), an indexed pattern showing 
several low-index poles [011], [112], [125], etc.; and Euler angles phi1, PHI and 
phi2 for this orientation.  A pole figure is shown in (c), representing the 
orientation of the indexed pattern for the <100> poles.  Cubic crystal (d) 
orientation represented by this pattern. 
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IV. RESULTS AND DISCUSSION 
This chapter discusses the application of Orientation Imaging Microscopy (OIM) 
to the analysis of NAB and friction-stir processed NAB, as well as the results of other 
conventional analysis techniques (i.e. optical microscopy and energy-dispersive x-ray 
analysis) that were applied to the NAB.  Of particular concern are the limitations of OIM 
as well as its capabilities as applied to NAB microstructures. 
 
A. ORIENTATION IMAGING MICROSCOPY (OIM) REVIEW 
Orientation imaging microscopy (OIM) is a useful tool for the analysis of local 
texture and certain grain boundary characteristics in polycrystalline materials.  The OIM 
software of interest here (TSL/EDAX, Inc.) consists of both a data collection program 
and a data analysis program.  The OIM Data Collection software [Ref. 29] enables 
thousands of orientation measurements and phase analyses to be rapidly recorded for a 
specific area scan.  OIM Analysis [Ref. 30] and its features may then be used to analyze 
the orientation data and phase distributions. 
The capabilities of OIM have become widely appreciated in the analysis of pure 
and simple alloys that contain one or, at most, two phases having crystal structures that 
are readily distinguishable [Refs. 28, 31-32].  Diffraction patterns of distinct phases with 
different crystal structures have been observed to be easily identifiable and 
distinguishable, and thus contributed to the ease in analysis of grain orientation.  
However, analysis of multi-phase alloys, especially when two phases are expected to 
exhibit nearly identical diffraction patterns, has not been reported in the literature. 
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In order to understand the results obtained here it is useful to provide further 
details of OIM analysis.  Parameters of a sample are initially entered in the OIM data 
collection system.  These include anticipated crystal structure(s) and lattice parameter(s), 
as well as phase nomenclature.  From a sample tilted at 70 degrees in the SEM, the OIM 
data collection software rapidly captures electron backscatter diffraction pattern (EBSP) 
images from a phosphor screen using a low-light camera.  At each point in a raster-like 
pattern on the sample surface the data that are obtained and recorded are: x - y 
coordinates of the point; the phase identification; the lattice orientation (defined by three 
Euler angles); the image quality (IQ), and the confidence index (CI).   
When attempting to identify the phase at a point during a scan, the OIM data 
collection system compares the detected EBSPs with diffraction patterns that are 
calculated based on an initial input of crystal structure types and lattice parameters into 
the software.  The detected patterns are compared to the input pattern(s) in the order that 
the inputs are listed. The default is to the first one on the list in the absence of a 
satisfactory match to any of the other entries.  The data point is then assigned to the phase 
most closely matching the detected diffraction pattern.  A corresponding confidence 
index is assigned to the data point which takes into consideration the ability of the 
software to accurately match phases and crystal orientations. 
 
B. AS-CAST NICKEL-ALUMINUM BRONZE 
As-cast NAB samples, with a chemical composition as listed in Table 3.1, were 
analyzed using optical microscopy and energy-dispersive x-ray analysis, as well as using 
the OIM program. 
1. Optical Microscopy 
Optical microscopy of the as-cast NAB microstructure resulted in findings similar 
to those described in literature [Refs. 8-9,14,16-24].  A typical microstructure is shown in 
Figure 4.1.  The α and κ phases are labeled according to their morphologies.  The 
globular, dendritic κII particles were apparent, with the finer and dendritic κIV particles 
present within grain interiors of the α matrix.  The eutectoidal lamellar κIII phase was 
observed as well.  Due to the low nickel and iron contents, the κI phase was not observed. 
2. Energy-Dispersive X-ray (EDX) Analysis 
EDX analysis was also conducted to further distinguish between second phase 
particles and verify chemical compositions.  In Figure 4.2(b), the matrix stands out in the 
Cu Kα X-ray map, which concurs with its identification as the fcc α phase.  As can be 
seen in Figure 4.2(c), the globular particles may be distinguished in the Fe Kα X-ray map, 
which is consistent with the iron-rich (Fe3Al) composition of the κII particles.  Likewise, 
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in Figure 4.2 (d), the lamellar particles are more apparent in the Ni Kα X-ray map, which 
supports their morphological identification as the nickel-rich (NiAl) κIII particles. 
3. OIM 
Crystal orientations and phase identifications were obtained for an as-cast NAB 
sample using OIM.  The lattice parameters for the α and κ phases, as given in Chapter II, 
were entered into the OIM data collection program, designating the α phase as an fcc 
structure, with a lattice parameter, aα = 3.64 Å, and both κ particle types (κI,II,IV and κIII) 
as ordered cubic crystal structures, with lattice parameters aκI,II,IV = 5.71 Å and aκIII = 2.88 
Å, respectively.  The B2 and D03 superlattice structures are have not been included in the 
OIM software and so initially bcc was used. Recall from Chapter II that the lattice 
parameter of the nickel-rich κIII particle (B2 crystal superlattice) is almost exactly one-
half that of the iron-rich κI,II,IV particle (D03 crystal structure).  Thus, with almost 
identical interatomic distances, these two κ phase types would only be distinguishable by 
the differences in their diffraction intensities. 
a. Phase Identification Limitations: 
A scanned area of the as-cast NAB microstructure is represented by the 
green box in Figure 4.3 (a).  From its size and morphology alone in Figure 4.3 (a), the 
globular dendritic particle was identified as the κII phase, surrounded by the α matrix.  
The OIM software clearly identified the fcc α matrix in Figure 4.3 (b), designated it using 
an arbitrarily chosen solid maroon color, and distinguished it from the ordered κII phase.  
However, in Figure 4.3 (c), it becomes apparent that the OIM software was unable to 
distinguish between the nearly identical diffraction patterns obtained from the κI,II,IV and 
κIII phases.  Additionally, the software was unable to detect the differences in diffraction 
intensities from the two separate κ phase types.  Thus, the OIM software defaulted to 
what appears to be a systematic interpretation of the orientation data, switching between 
κI,II,IV and κIII phases which resulted in the rainbow pattern in Figure 4.3 (c). 
Attempts were made to adjust the parameters initially entered into the 
OIM program to more accurately represent the phases at hand.  Keeping the associated 
lattice parameters for the fcc α matrix and κ phase types unchanged, the crystal structures 
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of the κ phase types were both modified to reflect simple cubic structures rather than bcc.  
The results were the same systematic default interpretation (i.e. rainbow-like pattern) as 
shown in Figure 4.3.  Finally, the attempt to identify α and a single κ phase, with a lattice 
parameter of aκ = 2.88 Å proved successful, as shown in Figure 4.4.  Thus, OIM has the 
ability to distinguish between α and κ phases, but not among κ phases.  In order to 
discriminate between κI,II,IV and κIII phases it will be necessary to modify the OIM 
software to facilitate analysis of intensities as well as positions of Kikuchi lines, or 
perhaps to supplement OIM results with EDX data to assist in phase identification.   
b. Limit of Spatial Resolution: 
The ability to resolve second-phase particles in OIM grain maps was 
limited by the particle size.  Particles, with one dimension of about 2 µm or less, were 
detected in secondary SEM images as well as the OIM image quality maps; this 
circumstance reflects that the image quality will be degraded when diffraction patterns 
from particles and matrix are present simultaneously. However, particles below this size 
were not apparent in the grain orientation maps; this may be seen by comparison of the 
microstructure data in Figures 4.5 (b) through (d).  This circumstance reflects the overlap 
of diffraction patterns from the α matrix with those from the κ particle, such that a 
relatively stronger fcc α phase diffraction pattern is more readily indexed than a weaker 
pattern associated with the κ particle.  Thus, the finer particles became included with the 
α matrix, as shown in Figures 4.5 (c) and (d). From this point in the study, the focus was 
directed at orientation distributions in the α matrix and related transformations process as 
they can be documented by traversing from the unaffected base metal into the affected 
friction-stir processed zone.  
 
C. FRICTION-STIR PROCESSED NICKEL-ALUMINUM BRONZE 
Optical microscopy and OIM were used in analyzing the various regions in the 
FSP NAB microstructure.  The analysis line of traverse is shown in Figure 4.6, starting 
from the unaffected base metal into the thermomechanically-affected zone (TMAZ) and 
friction-stir processed nugget just below the tool shoulder (also known as the dynamically 
recrystallized (DRX) zone).  
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1. Base Metal 
In Figure 4.7(b), the morphology of the α and κ phases was still identifiable in the 
unaffected region in base metal.  Grains in the base metal measured, on the average, 
approximately 1 mm in diameter, and were readily distinguishable to the naked eye.  The 
OIM grain orientation map in Figure 4.7(d) depicts portions of two such a large grains, 
which are designated in two different colors.  A few small κ particles, which are also 
randomly colored, are located nearby or within the boundary.  Two distinct grain 
orientations are clearly evident in the (001) pole figure in Figure 4.7 (there are three 
linearly independent <001> directions for each grain). 
2. Thermomechanically-Affected Zone (TMAZ) 
Steep gradients in strain, strain rate and temperature are characteristic of FSP and 
this is evident in steep gradients in microstructure in the TMAZ.  Grain distortion and 
grain elongation are apparent upon crossing into the TMAZ from base metal, as may be 
readily discerned in the optical micrograph of Figure 4.8(b). Grain shape changes 
indicative of shear in a direction aligned with the TD in Figure 4.8(b) are apparent in the 
upper part of the micrograph.  The shear-dominated region appears to extend only about 
0.2 mm along the RD, i.e., in a direction normal to the interface between base metal and 
the TMAZ. Further on into the TMAZ the κ particles as well as α grains have been 
broken up; the lamellar structure associate with κIII is no longer distinct although the dark 
regions in the TMAZ may include the κIII.  The globular κII particles appear to be 
somewhat finer in size but are still distinguishable.  It is difficult to discern the effects of 
deformation in the finer κIV at this magnification.  OIM data corresponding to this region 
are shown in Figure 4.8(c) and 4.8(d).  Comparison of Figures 4.7(c) and 4.8(c) reveals 
that the distribution of orientations has become more random.  Figure 4.8(d) illustrates a 
fine, somewhat elongated grain structure of grain size < 10 µm; the spread in orientations 
in the pole figure suggests that these are grains and not subgrains formed due only to 
recovery effects.  Thus, the grain size has been drastically reduced, from 1 mm down to < 
10 µm over a very short distance of about 1 mm and this suggests that FSP is 
accompanied by steep gradients in microstructure as well as in strain, strain rate and 
temperature.  In Figure 4.8(b) and 4.8(d) there is a banded distribution of an unknown 
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phase that is dark in appearance and apparently formed during the breakup of the 
microstructure.  This may be associated with deformation of regions containing the 
lamellar κIII (as suggested by the optical microscopy in Figure 4.8(b)) but this was not 
investigated further in the present effort. 
3. Grain-Refined Region 
Upon traversing from the TMAZ boundary further on into the FSP nugget, a 
region was encountered that comprised highly refined grains and a very homogeneous 
microstructure (Figure 4.9). Optical microscopy in Figure 4.9(b) suggests the presence of 
very fine, equiaxed grains as well as refined and uniformly dispersed second-phase 
particles. The microtexture in this region is essentially random, as shown in the pole 
figure data of Figure 4.9(c).  The corresponding OIM grain maps in Figure 4.9(d) show 
equiaxed and ultra-fine grains having an average grain diameter of 3 µm.  The various κ 
phases are not apparent at the resolution of the grain map in Figure 4.9(d) suggesting that 
the particles have been broken up during the severe shear plastic deformation 
encountered in FSP. In the event that such particles are 2 µm or less in size they will be 
difficult to distinguish by OIM alone, as discussed earlier in this Chapter, and thus 
complementary techniques involving transmission electron microscopy will be required 
to provide a complete characterization of these regions.  According to the theory of 
particle-stimulated nucleation (PSN) of recrystallization second-phase particles ~ 1 µm in 
size may serve as nucleation sites for the formation of new grains [Ref. 33-34].  The very 
large strains associated with FSP likely have resulted in the formation of fine particles 
that subsequently serve as nucleation sites for recrystallization.  Random textures, such as 
seen in the pole figure of Figure 4.9(c), are characteristic of PSN [Ref. 33-34].   
4. FSP Zone Nugget/Dynamically Recrystallized (DRX) Zone 
Figure 4.10 summarizes the microstructure in the FSP nugget just beneath the tool 
shoulder. Figure 4.10(b) is an optical micrograph showing elongated grains aligned with 
the shear direction and with a relatively coarser microstructure than further away from 
the tool shoulder.  Large dark regions are again evident. While the texture is still 
essentially random, as shown in Figure 4.10(c), annealing twins are apparent in the OIM 
grain map in Figure 4.10(d).  The presence of annealing twins indicates that temperatures 
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in this region attained values sufficient for grain growth during annealing after cessation 
of deformation.  The pole figure in Figure 4.10(c) reflected a random texture which is 
consistent again with PSN of recrystallization but followed by annealing and grain 
growth. 
The microstructures observed in this region exhibited a wavy band-like pattern 
within the FSP nugget. This suggests a tendency of the material to have a vertical (along 
RD) component to the flow as well as flow in a horizontal plane due to shear associated 
with tool rotation.  This behavior has been associated with the stirring action as well as 
with the design of the FSP tool.  During processing, the material is churned and carried 
from the advancing to the retreating side of the processed zone.  Eddy-like features 
created within the processed region by the tool action, especially directly between the 
tool shoulder and tip, cause the processed material to be stirred both vertically and 
horizontally [Ref. 35].  
As previously mentioned and observed in Figures 4.7 through 4.10, grain sizes 
varied greatly from base metal into the TMAZ.  Figure 4.11 illustrates this variation in 
grains size by plotting the grain size versus approximate distance from a reference point 
located just inside unaffected base metal. Grain size is plotted logarithmically; the grain 
size is reduced by more than two orders of magnitude within a distance of 2 – 3 mm.  The 
apparent increase in grain size within the FSP nugget reflects higher peak temperatures 
due to closer proximity to the tool.  Histograms representing the distributions of grain-to-
grain misorientation angles are included for base metal in Figure 4.11(b) and for the three 
locations in the TMAZ as Figures 4.11 (c), (d) and (e).  These latter locations correspond 
to the microstructures shown in Figures 4.8 – Figure 4.10.  Few grains are represented in 
base metal due to the coarse grain size.  All of the distributions in the TMAZ exhibit low-
angle boundaries (up to 10° in misorientation) that are the result of subgrain formation 
following deformation.  High-angle peaks (55° - 60°) reflect twin formation during post 
deformation annealing.  At intermediate misorientation angles (10° - 55°) the 
experimental distributions are similar to the Mackenzie distribution for the 




D. SHEAR TEXTURES AT THE TMAZ / BASE METAL BOUNDARY  
The results of a more detailed study of locations at the TMAZ boundary in the 
FSP NAB are shown in Figure 4.12.  The locations were selected to examine regions on 
the advancing and retreating sides of the tool as well as locations more or less under the 
tool.  In each location the area selected corresponded to the region of grain distortion 
such as seen in Figure 4.8(b).  In the present analysis the data are presented in the form of 
{001}, {022} and {111} pole figures for each location.  A representation of the spatial 
orientation of a cubic crystal lattice has been included with each set of pole figures to aid 
in interpretation of the local orientation. 
In all locations a single lattice orientation is evident; the orientation has a <110> 
near the normal direction of the {022} pole figure indicating that such a direction tends to 
align with the direction of tool advance. All of the orientations observed in Figure 4.12 
are similar to the C type shear texture as described by Canova et al. [Ref. 37].   Pole 
figures representing this texture component are shown in the form of (111) and (100) pole 
figures in Figure 4.13 (from Canova, et al. [Ref. 37]). The pole figures in Figure 4.13 are 
drawn such that the shear direction is downward and the shear plane normal is to the 
right, i.e., the trace of the shear plane would be a vertical line in each pole figure.  
Comparison of the data in Figure 4.12 and 4.13 reveals a C-type shear texture at each 
location examined. In general, the apparent shear plane does not align with the base metal 
/ TMAZ interface although a tendency of the shear plane to rotate about the ND, aligning 
with the base metal / TMAZ interface in only Figure 4.12(e). 
From theoretical assessments of the shear at the base metal / TMAZ boundary it is 
expected that the active slip systems will tend to align the slip plane with the tangent to 
the trailing edge of the tool shoulder [Ref. 28].  However, the results of this study suggest 
an alternate interpretation.  As depicted by the red dashed lines in Figures 4.12 (a) 
through (d), the {111}<110> slip system tends to align with the direction normal to the 
TMAZ boundary, while it is apparently parallel to the TMAZ boundary only in Figure 
4.12 (e).  This behavior may be consistent with observations of the material flow during 
FSP [Ref. 35].  One may recall that during the process, while the material in the FSP 
region is being stirred (mostly in a horizontal direction), the outlying material just beyond 
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the TMAZ boundary experiences either an upward or downward component to the flow, 
as it begins to deform and become entrained in the TMAZ.  This vertical flow of material 
is likely to be perpendicular to the TMAZ boundary, and thus leads to slip systems acting 
to provide shear normal to the boundary. This is evident in four locations in Figure 4.12: 
(a), (b), (c), and (d).  On the other hand, in the bottom region toward the advancing side, 
Figure 4.12(e), the material may have deformed with the rotation of the tool (i.e. into the 
plane of the paper) while in the process of being stirred, and thus resulted in a slip system 
parallel to the TMAZ boundary.  Thus, the {111}<110> slip systems may account for 
local deformation normal to as well as parallel to the TMAZ boundary and the current 
results are evidence of both vertical and horizontal components of the shear mechanism 







Figure 4.1: As-cast NAB microstructure.  Phases observed:  light-colored α 
matrix, globular dendritic κII, lamellar κIII, and fine κIV particles within the α 









Figure 4.2:  Energy-dispersive x-ray (EDX) analysis of as-cast NAB.  (a) 
Secondary electron emission image of NAB microstructure, containing α and κ 
phases. (b) Copper-rich image.  (c) Iron-rich image.  (d)  Nickel-rich image. 
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Figure 4.3: OIM phase identification in as-cast NAB.  (a) Scanning electron 
microscope image of NAB sample tilted at 70 degrees, with scanned area outlined 
by green box.   (b) Grain orientation map, identified by OIM as the copper-rich 
fcc α phase (matrix).  (c) OIM default systematic interpretation of nearly identical 
crystal structures of κ phases.  OIM is unable to distinguish between κII,IV and κIII 
phases due to very similar crystal structures. 
 
 
Figure 4.4:  OIM phase identification using α phase and single κ phase. (a) SEM 




Figure 4.5:  Limit of resolution and phase identification.  (a) Scanning electron 
microscope image of NAB sample tilted at 70 degrees, with scanned area outlined 
by green box.   (b) Image quality grayscale clearly shows second phase particle 
morphology.  (c) Grain orientation map including all phases.  The copper-rich fcc 
α phase (matrix) is easily identified by OIM and arbitrarily designated with a 
maroon color.  The α phase is clearly distinguishable from the κ particles.  (d) 
OIM default systematic interpretation of nearly identical crystal structures of κ 
phases is apparent in the rainbow pattern.  OIM is unable to distinguish between 
κII,IV and κIII phases due to very similar crystal structures.  Smaller κ particles  
(less than 2 µm) in (b) are not observed in the grain maps (c) and (d), and are 
















Figure 4.6:  Optical micrograph of friction-stir processed NAB (Courtesy of M.W. 
Mahoney, RSC). The white dashed line marks the thermomechanically-affected 
zone (TMAZ) boundary.  The red dotted line is the analysis line of traverse from 








Figure 4.7:  Base metal microstructure and grain orientation of friction-stir 
processed NAB. (a) Optical micrograph of FSB NAB, with scanned area outlined 
in red. (Micrograph courtesy of M.W. Mahoney, RSC.)  (b) Optical micrograph 
depicting phase morphology in NAB base metal (x370 magnification). (c) Base 
metal {001} pole figure from OIM, indicating well-defined grain orientations.  (d) 









Figure 4.8:  Thermomechanically-affected zone (TMAZ) boundary microstructure 
and grain orientation of friction-stir processed NAB. (a) Optical micrograph of 
FSp NAB, with scanned area outlined in red. (Micrograph courtesy of M.W. 
Mahoney, RSC.)  (b) Optical micrograph depicting phase morphology along NAB 
TMAZ boundary (x370 magnification). (c) {001} pole figure from OIM, 
indicating beginnings of random textured grain orientations as grains become 
distorted.  (d) OIM grain orientation map of area showing grain distortion and 








Figure 4.9:  Grain-refined region microstructure and grain orientation of friction-
stir processed NAB. (a) Optical micrograph of FSP NAB, with scanned area 
outlined in red. (Micrograph courtesy of M.W. Mahoney, RSC.)  (b) Optical 
micrograph depicting homogeneous microstructure within NAB grain-refined 
band in TMAZ (x370 magnification). (c) {001} pole figure from OIM, indicating 
uniform randomly textured grain orientations as well as recrystallized grains. (d) 
OIM grain orientation map of area showing ultra-fine recrystallized grains having 








Figure 4.10:  FSP NAB microstructure and grain orientation in TMAZ region just 
beneath the tool shoulder. (a) Optical micrograph of FSP NAB, with scanned area 
outlined in red. (Micrograph courtesy of M.W. Mahoney, RSC.)  (b) Optical 
micrograph depicting coarser elongated grains (x370 magnification). (c) {001} 
pole figure from OIM, indicating randomly textured grain orientations. (d) OIM 
grain orientation map of area showing elongated grains in a wavy band-like 





Figure 4.11: (a) Grain size distribution during the traverse analysis from NAB 
base metal into FSP nugget. Grain size drastically reduces across a very short 
distance along the TMAZ boundary. Ultra-fine grains emerge in the grain-refined 
region. Grains are observed to coarsen slightly within the FSP nugget, where post-
deformation annealing may have occurred. Corresponding grain misorientation 
angle histograms in (b) base metal, (c) TMAZ boundary, (d) grain-refined region, 











Figure 4.12:  Montage of OIM pole figures of regions along the TMAZ boundary 
in a friction-stir processed NAB: (a) retreating side top, (b) advancing side top, (c) 
retreating side bottom, (d) bottom center, and (e) advancing side bottom.  Lattice 
cubes are included with each set of pole figures to give a quick interpretation of 
the grain orientations at each location.  Red dashed lines indicate the shear 
















Figure 4.13:  (111) and (100) pole figures of the shear “C” texture.  SPN 
represents the shear plane normal direction.  SD represents the shear direction. 
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V. SUMMARY AND CONCLUSIONS 
A. SUMMARY AND CONCLUSIONS 
The following general conclusions can be drawn from the application of OIM to 
the study of friction-stir processed nickel-aluminum bronze. 
(1) The OIM program is capable of distinguishing between α and κ phase crystal 
structures in NAB.  However, due to the similar interatomic distances of the κ 
phase D03 and B2 crystal structures, OIM is unable to differentiate between 
their associated EBSPs. 
(2) Energy-dispersive x-ray (EDX) analysis may be used in conjunction with 
OIM program to improve identification among the κ phases. 
(3) Traversing from the unaffected base metal into the friction-stir processed 
NAB nugget, analysis of the microstructures revealed grain distortion and 
elongation at the base metal / TMAZ boundary, which was indicative of 
material deformation during stirring.  Recrystallization became evident within 
the FSP region in the form of ultra-fine grains in a homogeneous, randomly-
textured microstructure.  Annealing twins apparent in the FSP elongated 
grains signified annealing after the occurrence of plastic deformation. 
(4) The wavy band-like pattern observed in the FSP region denoted the horizontal 
material flow, which resulted from the rotation of the tool during processing. 
(5) The presence of C-type shear textures but with {111}<110> slip systems 
normal to the base metal / TMAZ boundary in many locations indicated the 
vertical component of material flow during processing, while the same slip 
systems parallel to the boundary suggested material flow in the direction of 
tool advance. 
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B. RECOMMENDATIONS FOR FUTHER STUDY 
It is recommended that further study in the area of transmission electron 
microscopy (TEM) and NAB deformation testing be carried out.  Specifically, 
investigations should include more accurate phase identification within both base metal 
and the TMAZ.  Further study is recommended on the effect of deformation on NAB 
phases and microstructures annealed at discrete temperatures, in order to separately 
simulate the intense strain, strain rate and temperature effects present during the FSP 
process.  Continued phase and microstructure analysis may be conducted on FSP NAB 
samples having varied parameters, such as varied tool rotational and travel speed, 
different tool shapes, multiple passes.  Research in this area may aid in the production of 
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